20 21 running title: K40 mutations alter dendrite remodeling 22 23 24 25 Summary Statement: Neurons are enriched in post-translationally modified 26 microtubules. Targeted mutagenesis of endogenous α-tubulin in flies reveals that 27 dendrite branch refinement is altered by acetylation-blocking mutations. 28 1 ABSTRACT 29 30 Microtubules are essential to neuronal structure and function. Axonal and dendritic 31 microtubules are enriched in post-translational modifications that impact microtubule 32 dynamics, transport, and microtubule-associated proteins. Acetylation of α-tubulin lysine 33 40 (K40) is a prominent, conserved modification of neuronal microtubules. However, the 34 cellular role of microtubule acetylation remains controversial. To resolve how 35 microtubule acetylation might affect neuronal morphogenesis we mutated endogenous 36 α-tubulin in vivo using a new fly strain that facilitates the rapid knock-in of designer α-37 tubulin alleles. Leveraging our new strain, we found that microtubule acetylation, as well 38 as polyglutamylation and (de)tyrosination, is not essential for survival. However, we 39 found that dendrite branch refinement in sensory neurons relies on α-tubulin K40. 40 Mutagenesis of K40 reveals moderate yet significant changes in dendritic lysosome 41 transport, microtubule polymerization, and Futsch distribution in dendrites but not 42 axons. Our studies point to an unappreciated role for α-tubulin K40 and acetylation in 43 dendrite morphogenesis. While our results are consistent with the idea that microtubule 44 acetylation patterns microtubule function within neurons, they also suggest there may 45 be a structural requirement for α-tubulin K40. 46 130 mutagenesis of endogenous α-tubulin K40 does not disrupt selective transport to axons 131 or dendrites, or neuronal polarity, but does affect the refinement of dendrite branches. 132 Acetylation-blocking mutations increase branch number with a correlative increase in 133 terminal branch growth. Both α-tubulin K40A and K40R mutations block acetylation. 134
. The patterns of microtubule PTMs 54 between and within axons and dendrites are thought to be critical to functional 55 compartmentalization by locally regulating microtubule dynamics and/or transport. Yet 56 the role that microtubule PTMs, in particular acetylation, may play in neuronal 57 morphogenesis has been controversial. 58 59 Several conserved lysines in αand β-tubulin are acetylated, and acetylation of the α-60 tubulin luminal residue lysine 40 (K40) has been the most well-studied since its 61 discovery over thirty years ago (Choudhary et al., 2009; Chu et al., 2011; Howes et al., 62 2014; L'Hernault and Rosenbaum, 1983; L'Hernault and Rosenbaum, 1985; Soppina et 63 al., 2012) . Acetylation of α-tubulin K40 was initially characterized as a marker of 64 microtubules resistant to depolymerizing drugs (Piperno et al., 1987) . Although 65 acetylation typically correlates with stable, long-lived microtubules in cells, acetylation 66 itself does not confer stability, but rather may make microtubules more resilient to 67 mechanical forces as microtubules age (Coombes et al., 2016; Howes et al., 2014; Ly et 68 al., 2016; Palazzo et al., 2003; Portran et al., 2017; Szyk et al., 2014; Webster and 69 Borisy, 1989; Wilson and Forer, 1997; Xu et al., 2017) . Yet despite years of study, the 70 effects of acetylation on microtubules and microtubule function in cells are still debated. 71 72 In cultured mammalian neurons, young axons are enriched in acetylated microtubules in 73 comparison to dendrites. This difference initially led to the idea that acetylation might 74 label microtubule tracks for selective transport to one compartment or the other (Song 75 and Brady, 2015) . Consistent with this idea, acetylation has been shown to distinguish 76 the microtubule tracks that are preferentially bound by kinesin-1, which transports cargo 77 3 from the cell body to axon terminal (Dompierre et al., 2007; Guardia et al., 2016) . The 78 neuron-wide expression of α-tubulin K40Q, which mimics acetylation, has also been 79 reported to redirect kinesin-1 to dendrites (Farias et al., 2015) . Similarly, in immature 80 unpolarized neurons, increasing microtubule acetylation redirects kinesin-1 to multiple 81 neurites (Hammond et al., 2010; Reed et al., 2006) . However, in mature polarized 82 neurons, microtubule acetylation by itself is not sufficient to alter kinesin-1 localization 83 (Cai et al., 2009; Hammond et al., 2010) . Also, microtubule acetylation does not affect 84 kinesin-1 motility in purified in vitro systems (Kaul et al., 2014; Walter et al., 2012) . 85 Thus, there are conflicting reports about whether microtubule acetylation is necessary 86 and/or sufficient to affect motor activity and localization in neurons. 87 88 There is also conflicting evidence regarding the role of microtubule acetylation in 89 neuronal development. The function of microtubule acetylation in the developing 90 nervous system has been investigated mainly through the loss or over-expression of the 91 primary α-tubulin acetyltransferase and deacetylase enzymes, αTAT1 and HDAC6, 92 respectively (Akella et al., 2010; Hubbert et al., 2002; Shida et al., 2010) . On one hand, 93 there are reports that inhibiting HDAC6 disrupts axon initial segment formation in 94 cultured neurons (Tapia et al., 2010; Tsushima et al., 2015) , and that cortical neuron 95 migration is impeded by either the knock-down of αTAT1 or the over-expression of α-96 tubulin K40A, which cannot be acetylated (Creppe et al., 2009; Li et al., 2012) . On the 97 other hand, HDAC6 and αTAT1 knock-out mice are homozygous viable. Neither knock-98 out results in any gross neurological defect, such as a disruption in cortical layering, that 99 is typically associated with abnormal neuronal polarity (Kalebic et al., 2013; Kim et al., 100 2013; Zhang et al., 2008) . Worms lacking αTAT1 activity are viable, but touch 101 insensitive (Akella et al., 2010; Cueva et al., 2012; Shida et al., 2010; Topalidou et al., 102 2012; Zhang et al., 2002) . A recent study has shown that αTAT1 knock-out mice are 103 also insensitive to mechanical touch and pain (Morley et al., 2016) , indicating that the 104 functional effects of microtubule acetylation are likely conserved between invertebrates 105 and vertebrates. These functional studies raise the question of whether and how 106 microtubule acetylation might sculpt neuronal architecture. Here again, there is 107 conflicting evidence arguing both for and against the importance of acetylated 108 4 microtubules to axonal morphology (Morley et al., 2016; Neumann and Hilliard, 2014) . It 109 is not known whether only axons rely on acetylated microtubules; indeed, a potential 110 role for microtubule acetylation in dendrite morphogenesis has not been explored. 111 112 We sought to resolve the role of microtubule acetylation in neuronal transport and 113 morphogenesis through targeted mutagenesis of endogenous α-tubulin in Drosophila. A 114 key advantage of mutating endogenous α-tubulin is that we can directly and specifically 115 assess the involvement of α-tubulin residues in the development of axons and dendrites 116 as well as microtubule growth and microtubule-dependent activities. Our approach 117 leverages a new fruit fly strain that we created to enable the rapid knock-in of designer 118 α-tubulin alleles. By directly targeting the α-tubulin residues that are modified, we avoid 119 complications often associated with targeting the modifying enzymes. For example, 120 several modifying enzymes have cellular targets in addition to tubulin. While this is not 121 the case for αTAT1, which acetylates itself and α-tubulin K40, HDAC6 deacetylates 122 multiple proteins in addition to α-tubulin (Valenzuela-Fernandez et al., 2008) . Some 123 enzymes, such as polyglutamylases, can modify several tubulin residues and some 124 modifying enzymes, such as the carboxypeptidase that removes the terminal tyrosine 125 on α-tubulin, remain unidentified (Janke, 2014; Song and Brady, 2015) . This presents 126 challenges to using an enzyme-based approach to dissect the role of microtubule PTMs 127 in cells.
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Through live imaging of sensory neurons in developing fruit flies, we found that targeted 5 structure. In the α-tubulin K40A mutant dendrites we observed modest yet significant 139 changes in lysosome transport, microtubule growth, and Futsch distribution that might 140 underlie an increase in branch number. Combined, our data point to a previously 141 unappreciated role for K40 and acetylation in fine-tuning dendrite patterning. To determine the function of microtubule PTMs in neurons in vivo, we undertook 147 targeted mutagenesis of α-tubulin in fruit flies. Like other organisms, the Drosophila 148 melanogaster genome has several distinct α-tubulin genes that encode unique protein 149 isotypes, which assemble into microtubules that are modified. The four Drosophila α-150 tubulin genes have been named based on their cytological location: αTub84B, 151 αTub84D, αTub85E, and αTub67C (Raff, 1984) . αTub84B is likely the predominant α-152 tubulin in flies and is 97% identical to human TUBA1A, with only five non-conservative 153 amino acid differences, four of which are within the C-terminal tail ( Fig. 1A) . Like α-154 tubulin in other organisms, αTub84B is modified at multiple residues (Bobinnec et al., 155 1999; Piperno and Fuller, 1985; Warn et al., 1990; Wolf et al., 1988) . In the sensory Using a genome-engineering approach, we created a new fly strain that enables us to 164 readily knock-in designer αTub84B alleles via site-directed recombination (Fig. 1G ). We 165 used an ends-out gene targeting strategy (Huang et al., 2009 ) to replace αTub84B with 166 an attP "landing" site. Consistent with previous reports, deleting αTub84B resulted in 167 lethality ( Table 1) , indicating that αTub84B is essential for survival and that the other α-168 tubulin genes could not compensate for its loss (Matthews and Kaufman, 1987) . This 169 includes αTub84D, which has a similar expression pattern and encodes a nearly 170 identical protein that differs from αTub84B by two amino acids (Matthews et al., 1989; 171 Raff, 1984) . The knock-out strain was rescued by knocking-in wild-type αTub84B 172 7 (αTub84B K'in-WT ), indicating that the attP replacement strategy did not disrupt the 173 function of the αTub84B locus (Table 1) . To confirm that αTub84B is indeed broadly 174 expressed, including in the nervous system (Raff, 1984) , we generated flies that 175 express GFP-tagged αTub84B. As expected, GFP:: αTub84B was expressed in most 176 cell types, including neurons ( Fig. 1H ). In muscles and epithelial cells, GFP:: αTub84B 177 appeared filamentous, suggesting GFP-tagged tubulin was incorporated into 178 microtubules ( Fig. 1H ). However, it should be noted that the GFP::aTub84B allele is 179 dominant male sterile and does not survive in trans to a deletion that removes aTub84B. tyrosination (αTub84B Δ3 ), did not affect animal survival (Table 1) . Since the glutamates 198 in the C-terminal tail are thought to mediate interactions with essential motors and other 199 microtubule-binding proteins, it was particularly surprising that eliminating virtually all 200 the negatively charged residues in αTub84B AAAA did not affect viability (Bonnet et al., 201 2001; Boucher et al., 1994; Lacroix et al., 2010; Larcher et al., 1996; Roll-Mecak, 2015; 202 8 Sirajuddin et al., 2014; Valenstein and Roll-Mecak, 2016; Wang and Sheetz, 2000) . 203 Combined, our results suggest that the C-terminal tail has a conserved role in α-tubulin To test the role of αTub84B K40 acetylation in survival and neuronal morphogenesis we 208 introduced K40A and K40R mutations to eliminate acetylation. Both αTub84B alleles 209 were viable and fertile in trans to the αTub84B knock-out (Table 1) , consistent with 210 reports that loss of K40 acetylation does not affect survival (Akella et al., 2010; Cueva et 211 al., 2012; Kalebic et al., 2013; Kim et al., 2013; Mao et al., 2017; Shida et al., 2010; 212 Topalidou et al., 2012; Zhang et al., 2008) . Our viability and fertility results agree with a 213 recent study that used CRISPR-Cas9 to introduce the K40R mutation into αTub84B 214 (Mao et al., 2017) . Western blot analysis of adult fly head lysate revealed that the 215 amounts of the mutant αTub84B proteins were equivalent to wild-type and that α-tubulin 216 K40 acetylation was virtually abolished in the αTub84B K40A flies (Fig. 1I,J) . The residual 217 signal in the western blot may reflect acetylation of another α-tubulin isotype, most likely 218 αTub84D, which is also broadly expressed (Raff, 1984) . We used CRISPR-Cas9 219 genome editing to delete the entire αTub84D gene in the αTub84B K40A strain. The 220 αTub84B K40A αTub84D KO double mutant eliminated the residual acetylated tubulin 221 signal in western blots ( Fig. 1J ) and was viable in trans to a large deletion that removes 222 both α-tubulin genes (Table 1) . Genetic complementation tests also unexpectedly 223 revealed that αTub84D is a non-essential gene (Table 1) . Combined, these data 224 indicate α-tubulin K40 acetylation is not essential for survival. Microtubule acetylation has been shown to affect microtubule-based transport in 230 cultured cells, including neurons (Dompierre et al., 2007; Reed et al., 2006) . One recent 231 model suggests that acetylated microtubules are part of an exclusion zone that prevents 232 9 dendritic cargos from entering axons (Farias et al., 2015) . Yet there is also evidence 233 that microtubule acetylation alone is not sufficient to direct motors to a specific 234 compartment (Atherton et al., 2013) . The class IV da neurons that we use as a model 235 reside just below the transparent larval cuticle, allowing for live imaging of transport in 236 neurons in intact animals. First, we examined the distribution of a polarized organelle 237 population, Golgi outposts, which localize to dendrites and regulate dendrite patterning 238 in flies and mammals (Horton and Ehlers, 2003; Horton et al., 2005; Ye et al., 2007) . 239 We found that the polarized dendritic localization of Golgi outposts was not altered in 240 αTub84B K40A neurons ( Fig. 2A-B '''). Thus, microtubule acetylation is not an essential 241 part of the mechanism that prevents Golgi outposts from entering axons. neurons had the same number of dendrite tips as control neurons (Fig. 3B-E) , indicating 297 that the increase in dendrite tip number was likely not due to a defect in initial stages of 298 dendrite extension during embryonic stages. Rather, we reasoned that the increase in 299 terminal dendrites might have resulted from changes in dendrite dynamics during early 300 larval stages. To test whether dendrite tip number increased due to increased branch 301 growth and/or decreased branch retraction, we used time-lapse imaging to record 302 dendrite dynamics in 48 h AEL larvae. We then quantified the number of dendrite tips 303 that formed de novo, extended or retracted over a 15-minute interval (Fig. 4A ). In the 304 αTub84B K40A neurons, significantly more branches extended compared to controls, 305 albeit de novo branch growth did not significantly increase over this time interval ( Fig. 4 306 B-D). While αTub84B K40R mutant neurons had an increased number of dendrite tips like 307 αTub84B K40A , neither dendrite growth nor retraction was significantly altered (Fig. 4B -308 D). This suggests the increase in dendrite tips in the αTub84B K40A arbors is likely due to 309 an increase in dendrite growth. Moreover, the difference between dendrite dynamics in 310 the αTub84B K40A versus K40R mutant neurons suggests that K40 may be structurally 311 important for α-tubulin and/or microtubule function in neurons. Next, we analyzed whether the increase in dendrite growth in the αTub84B K40A 316 mutants might reflect a change in the growth of the microtubules themselves. We 317 focused on the αTub84B K40A mutant as it resulted in significantly altered dynamic 318 dendrite growth. Although acetylation does not affect microtubule polymerization in vitro 319 (Dompierre et al., 2007; Howes et al., 2014; Maruta et al., 1986) , we nonetheless tested 320 this possibility since microtubule growth has been previously correlated with terminal 321 branch growth in da neurons (Ori-McKenney et al., 2012; Sears and Broihier, 2016; 322 Yalgin et al., 2015) . Based on these reports, we predicted that the increase in terminal 323 branch growth in the αTub84B K40 mutants might correlate with an increase in 324 12 microtubule growth. To monitor microtubule growth we used EB1::GFP, which 325 associates with the plus-ends of growing microtubules in neurites (Fig. 5A ). Our data 326 reveal that the αTub84B K40A mutation resulted in a reduced number of EB1::GFP 327 comets specifically in dendrites (Fig. 5B,C) demonstrating that blocking K40 acetylation 328 affected the polymerization of dendritic, but not axonal, microtubules. The rate at which 329 microtubules polymerized was not affected by the K40A mutation (control dendrites: 330 0.123 ± 0.028 µm min -1 , n=25, and αTub84B K40A dendrites: 0.113 ± 0.029 µm min -1 , 331 n=30, p = 0.19). Thus, similar to its effect on lysosomes, the αTub84B K40A mutation 332 had a compartment-specific effect on microtubule polymerization. branching. We initially tested whether loss of microtubule acetylation disrupts 341 microtubule severing by katanin. Katanin has been previously shown to be sensitive to 342 microtubule acetylation levels in dendrites (Sudo and Baas, 2010). However, we found 343 that the loss of αTub84B K40 acetylation neither blocks nor enhances katanin-induced 344 changes in dendrite morphogenesis (Fig. S1 ). This is consistent with a recent report that 345 modulating HDAC6 levels does not affect katanin-induced dendrite growth defects (Mao 346 et al., 2014).
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We next turned to Futsch, the fly homolog of MAP1B, which has been shown to regulate 349 dendrite branching (Sears and Broihier, 2016; Yalgin et al., 2015) and has a similar 350 distribution pattern as acetylated microtubules in dendrites (Fig. 6A, Fig. 1E ,E' and 351 (Grueber et al., 2002; Jinushi-Nakao et al., 2007) . We asked whether the distribution of decreased towards the dendrite tips, where it was detected in some, but not all, terminal 356 branches (Fig. 6A) . In control dendrites, Futsch levels decayed ~ 70% from the cell 357 body to distal dendrite tip (Fig. 6B ). In αTub84B K40A neurons, the proximal-medial 358 dendrite segments showed a significant decrease in Futsch, but Futsch levels were 359 comparable to control dendrites in the medial-distal segments (Fig. 6B ). Futsch levels in 360 control and αTub84B K40A axons were equivalent (Fig. 6B ). While decreased Futsch has 361 been shown to increase dendrite branch number in one study (Yalgin et al., 2015) , 362 another study has found the opposite (Sears and Broihier, 2016) . In agreement with the 363 first study, we found that the reduction of Futsch in a futsch hypomorph (futsch K68 ) 364 increased dendrite branch number (Fig. 6C-E dendrite branching is modest since only a fraction of terminal dendrites contains 400 microtubules. In contrast, mutations that disrupt the actin cytoskeleton typically produce 401 striking changes in terminal branching (Ferreira et al., 2014; Jinushi-Nakao et al., 2007; 402 Lee et al., 2003; Lee et al., 2015; Soba et al., 2015) . One model consistent with our 403 results and the findings of others is that microtubule acetylation fine-tunes the dynamic 404 remodeling of microtubule-based dendrite branches. Another possibility is that mutating 405 K40 alters the structure of α-tubulin in a way that disrupts dendrite branching. 406 407 Our data show that the αTub84B K40A mutation has modest yet significant effects on 408 lysosome transport, microtubule growth and Futsch distribution in dendrites. While 409 these changes might all independently contribute to an increase in dendrite branch 410 number, it is also possible that they are mechanistically linked. We found that retrograde Recent studies suggest that acetylation increases the resiliency of microtubules and 425 protects them against mechanical breakage (Portran et al., 2017; Xu et al., 2017) . The 426 da neuron dendrites, sandwiched between the larval cuticle and muscles, are potentially 427 exposed to repeated external and internal mechanical forces. Unacetylated 428 microtubules in αTub84B K40A dendrites may be less resilient to mechanical stresses and 429 thus may contain a higher proportion of damaged and broken microtubules than wild- An alternative interpretation of our data is that the increase in branch number is not due 444 specifically to the loss of microtubule acetylation. For example, other modifications of α-445 tubulin K40 have been reported, including methylation by SetD2 (Park et al., 2016) . 446 However, it is not known whether α-tubulin K40 is methylated or otherwise modified in 447 neurons. Lysine-to-arginine or -alanine mutations are often used interchangeably to 448 block acetylation, although some of our results suggest that these mutations may not be 449 entirely equivalent. This raises the possibility that intact K40 may be important to the 450 structure of α-tubulin and/or microtubules in neurons. Consistent with this idea, work in 451 plants has revealed that plant growth is disrupted by the expression of α-tubulin with a 452 K40A, but not K40R, mutation (Xiong et al., 2013) . 453 454 Neuronal microtubules are enriched in other α-tubulin modifications, including 455 (de)tyrosination and polyglutamylation, whose roles in neuronal development and 456 function are still being unraveled. We found that targeted mutagenesis of residues that 457 are modified in the α-tubulin C-terminal tail (αTub84B Δ3 and AAAA) has no effect on 458 animal survival. This was somewhat unexpected, given the findings, for example, that 459 the detyrosination-tyrosination cycle affects kinesin activity (Sirajuddin et al., 2014) as 460 well as loading dynein onto microtubules (McKenney et al., 2016; Nirschl et al., 2016) , 461 and that the loss of polyglutamylase activity alters synaptic function (Ikegami et al., 462 2007). However, it is important to consider that fly and mammalian microtubules may be 463 differentially enriched in these modifications. An early report suggests that fly 464 microtubules are only weakly detyrosinated (Warn et al., 1990) . Moreover, differences in 465 the repertoire of modifying enzymes between flies and mammals suggest that PTM 466 dynamics may differ as well. For example, although fly microtubules are tyrosinated and 467 detyrosinated, the lack of a known α-tubulin tyrosine ligase makes it unclear whether 468 microtubules cycle between these two states in flies. 469 470 Our results are consistent with the possibility that PTMs may function synergistically 471 rather than independently to regulate microtubule function (Atherton et al., 2013; 472 Hammond et al., 2010; Kaul et al., 2014) . Also, these modifications may be important to 473 preserving microtubule-based functions in aging neurons given that changes in 474 acetylation, detyrosination/tyrosination, and polyglutamylation have been implicated in 475 neurodegeneration (Song and Brady, 2015) . In support of this idea, we have found that Fly strains 487 The αTub84B attP-KO strain was created using an ends-out recombination approach 488 (Huang et al., 2009) . All αTub84B knock-in strains were made by using standard 489 molecular biology methods to modify αTub84B in a plasmid containing an attB site; the 490 plasmid with the modified αTub84B was then injected into αTub84B attP-KO embryos 491 expressing ΦC31 by Bestgene Inc (Chino Hills, CA). A fly strain with wild-type αTub84B 492 knocked into the locus (αTub84B K'in-WT ) rescued the lethality of the αTub84B knock-out. 
